The orphan nuclear receptor, liver receptor homolog-1 (aka Nuclear receptor subfamily 5, Group A, Member 2 (Nr5a2)), is widely expressed in mammalian tissues, and its ovarian expression is restricted to granulosa cells of activated follicles. We employed the floxed Nr5a2 (Nr5a2 f/f ) mutant mouse line and two granulosa-specific Cre lines, Anti-Müllerian hormone receptor-2 (Amhr2Cre) and transgenic cytochrome P450 family 19 subfamily A polypeptide 1 (tgCyp19Cre), to develop two tissue-and time-specific Nr5a2 depletion models: Nr5a2
Introduction
Within the ovary, follicular granulosa cells differentiate into mural granulosa cells and cumulus cells, regulated by local factors and reciprocal communication with the oocyte [1] . Mural granulosa cells express aromatase, which is encoded by the cytochrome P450 family 19 subfamily A polypeptide 1 (Cyp19a1) gene [2] . Under the control of follicle-stimulating hormone (FSH), aromatase converts the thecaderived androgens into estrogens, resulting in estradiol-17ß (E2) as the predominant aromatized estrogen. Estradiol-17ß regulates the proliferation of granulosa cells [3] , and induces the expression of luteinizing hormone receptors (LHR) thereby causing granulosa cells to become responsive to LH [4, 5] .
Cumulus granulosa cells within the preovulatory follicle are closely connected to the oocyte [6] . The corona radiata communicates by means of transzonal projections that are in contact with the oolemma [7] . An acute peak of LH triggers the displacement of the cumulus cells outwardly from the oocyte [8] , in a process known as cumulus expansion, critical for normal oocyte development, ovulation, and fertilization [9] . The LH stimulus induces a transient and sequential expression of the epidermal growth factor (EGF)-related factors, including epiregulin (Ereg), amphiregulin (Areg), and betacellulin (Btc), all of which have recently been identified as essential for oocyte maturation and cumulus expansion [10] .
The peak of LH also induces the expression of other genes with pivotal roles in cumulus expansion, including hyaluronic acid synthase 2 (Has-2) [11, 12] , involved in the deposition of a hyaluronic acid matrix between the cumulus cells [13] . Pentraxin 3 (Ptx3) is also a structural constituent of the extracellular matrix and is essential for cumulus expansion due to its role in retaining hyaluronan molecules [14] . The entire ovulatory process involves inflammatory-like ovarian changes [3] , implying the importance of the prostaglandinendoperoxide synthase-2 (Ptgs2) [15] and the tumor necrosis factorstimulated gene-6 (Tnfaip6) [12, 16] . Cumulus expansion displays further complexity that involves the regulation and modification of gap-junctional proteins [17] , such as the connexin 43 (gap junction alpha-1; Gja1) [18] . Several gene products of the follicular cells are required for successful and optimal ovulation, in a program that combines endocrine and paracrine intrafollicular communication [19] .
The orphan nuclear receptor Nr5a2 is widely expressed in mammalian tissues [20] . The germline knockout is embryo lethal [21] . In the mouse ovary, it is expressed solely in granulosa cells of activated (developing) follicles [20, 22] . A conditional knockout mouse model with depletion of Nr5a2 in granulosa cells from the primary follicle forward presented impaired cumulus expansion that could not be rescued by hormonal superstimulation [22] . A second study of the role of Nr5a2 in later stages of the follicular development showed that granulosa-specific knockout females underwent modest cumulus expansion after a protocol of hormonal injection [23] . The lack of ovulation was consistent in both mutant models, but whether the oocytes were affected by the disruption of Nr5a2 in somatic cells remains unknown [22, 23] . Therefore, our objectives were to compare the cumulus expansion process using the two previously described Nr5a2 granulosa-specific knockout mice models, and to determine whether expression of Nr5a2 in granulosa cells is essential for the oocytes to be fertilized. We hypothesize that the inconsistent pattern of cumulus expansion in both mice models is due to the distinct spatiotemporal pattern of depletion of Nr5a2.
Materials and methods

Animals and colony maintenance
All animal experiments were approved by the Université de Montréal Animal Care Committee and conducted according to the guidelines of the Canadian Council on Animal Care (CCAC). All mutant and control mice were of the C57BL/6 background. Animals were maintained under a 14:10 light: dark cycle, provided food and waterad libitum. Euthanasia was performed by anesthetizing the animals with Isoflurane (PPC, Richmond Hill, ON, Canada) in a closed container, followed by cervical dislocation. Nr5a2-floxed (Nr5a2 f/f ) mice, generated by Dr Johan Auwerx, have been described previously [24] . To generate granulosa-specific Nr5a2 mutant in antral follicles, animals expressing Cre-recombinase from the cytochrome P450 family 19 subfamily A polypeptide 1 (Cyp19a1 a.k.a. aromatase [25] ) designated Cyp19a1 Cre/+ were crossed with Nr5a2 f/f mice; conditional knockout (cKO) genotype: Nr5a2 Cyp19-/− .
To generate granulosa-specific Nr5a2 mutant in primary follicles, we employed the previously described Nr5a2 f/f mice crossed with animals expressing Cre-recombinase from the anti-Müllerian hormone receptor-2 [22] (Amhr2 Cre/+ ; generous gift of Dr Richard Behringer); cKO genotype: Nr5a2 Amhr2-/− . The litters were genotyped (see Table 1 for primers) using DNA extracted from a biopsy of the tail. The nonmutant littermates were used in control groups, i.e. Nr5a2 f/f tgCyp19 +/+ and Nr5a2 f/f Amhr2 +/+ , respectively, for the Nr5a2 Cyp19-/− and Nr5a2 Amhr2-/− .
Superstimulation protocol
For hormonal superstimulation, female mice both Nr5a2
Cyp19-/− and Nr5a2 Amhr2-/− and their respective controls were injected intraperitoneally with 5 IU of equine chorionic gonadotropin (eCG) (Folligon R -Intervet, Whitby, Ontario, Canada) to stimulate follicular development, followed by the injection of 5 IU of human chorionic gonadodotropin (hCG) (Chorulon R -Intervet) 44 to 48 h posteCG, to induce ovulation. Ovaries were collected at different time points varying for each experiment. From one ovary, granulosa and cumulus cells were isolated by puncturing the ovaries with 25 g 5/8" needles in phosphate-buffered saline (PBS) 1×, oocytes were separated from cumulus cells by up-and-down pipetting and removed from the final samples by filtering (BD Falcon, Cell Strainer, 40 μm Downloaded from https://academic.oup.com/biolreprod/article-abstract/96/6/1231/3831258 by OUP site access user on 15 October 2018 
Estrous cycle and natural cumulus expansion
The experimental design for the detection of natural cumulus expansion was based on the mouse estrous cycle [26, 27] . For estrous cycle staging, vaginal smears were collected daily (9:00 A.M.) with PBS 1× from adult 8-week-old Nr5a2 Cyp19-/− and control females (n = 3 for each genotype); smears were placed on glass slides and cytology was evaluated under the microscope. On the day when proestrus was detected, the female was moved to a cage with one C57BL/6-129 wild-type (WT) male. The occurrence of mating, and presumably, the LH peak, was confirmed by the presence of a copulatory plug verified by visual examination in the morning of the next day (4:00 A.M.), and euthanasia was performed at this time. The ovaries were fixed in PAF 4% and embedded in paraffin and serial sectioned for histological examination by hematoxylin and eosin staining.
Cumulus expansion assay
Immature female mice Nr5a2 Cyp19-/− and Nr5a2 Amhr2-/− and the controls were hormonally superstimulated with eCG and the cumulusoocyte complexes (COCs) were collected by ovarian puncture at 40 h post-eCG as previously described [28] . COCs were then cultured in 25 μl drops of MEM/bovine serum albumin (BSA) 0.3% and bovine FSH (National Hormone and Peptide Program, CA) at a density of 1 COC/μl and kept at 37
• C incubation chamber 5% CO 2 in humidified air. The expansion of the cumulus cells was evaluated at 0, 4, 8, 12, and 24 h of treatment in culture, and the images were recorded by the Axio imager M1, Zeiss Microscopy. For co-culture experiments, 50 fully grown denuded oocytes from WT females primed with eCG and collected at 44-48 h post-eCG were added to the drops containing the COCs as detailed above. Cumulus expansion was graded from 0 (no expansion) to 4 (full expansion) and the extent of expansion was calculated at 12 h of FSH treatment.
RNA isolation and real-time polymerase chain reaction (qPCR)
Populations of granulosa and cumulus cells were collected from 25 to 27-day-old immature female mice Nr5a2 Cyp19-/− and Nr5a2 Table 1 , each used in a final concentration of 3000 nM. Primers were validated by standard curves. Samples were run in triplicate and results were expressed relative to the ribosomal protein S18 (RPS18) or the ribosomal protein L19 (RPL19) levels. Data were then normalized to a calibrator sample using Ct method, as described by Pfaffl [29] , with correction for amplification efficiency by LinRegPCR 11.0 software (Academic Medical Center, Amsterdam, the Netherlands).
Immunofluorescence
For histological examination, ovaries were fixed in PAF 4% overnight, and then washed in PBS 1× and paraffin embedded. Ovarian cell-specific localization of Nr5a2, Gja1, Cyp19, and Tnfaip6 was established by fluorescence immunohistochemistry. Briefly, paraffin sections of ovaries were rehydrated, boiled in 10 mM sodium citrate (pH 6) for 30 min, and cooled to room temperature (RT). Sections were blocked overnight at 4 o C for Nr5a2 or 1 h at RT for Gja1, Cyp19 with 5% BSA immunoglobulin G (IgG)-free, protease-free (Jackson Immunoresearch Lab., Inc.), or normal donkey serum (5%) for Tnfaip6. Samples were then incubated with rabbit polyclonal antibodies (Table 2) against Cyp19a1, Nr5a2, rabbit polyclonal IgG connexin 43 (Gja1), or a goat polyclonal Tnfaip6. With the exception of Nr5a2 (1:50), all antisera were diluted 1:100 in PBS with 5% BSA. Incubations were carried out overnight at 4
• C. Negative control sections for each of the proteins were incubated with 5% BSA only in place of the first antibody. Sections were washed, incubated with cyanine 3 (Cy3)-conjugated goat anti-rabbit or donkey anti-goat IgG, and diluted 1:400 in PBS 1× for 1 h at RT. Slides were then washed, and sections were counterstained with 4',6-diamidino-2-phenylindole (DAPI, Sigma, St. Louis, MO), diluted 1:1000 in PBS, for 5 min. Slides were mounted in Permafluor (Thermo Fisher Scientific, UK). Ovarian distribution of Nr5a2 and Gja1 was observed by Axio imager M1 (Zeiss Microscopy). Fluorescence quantification was achieved using Cell Profiler software (Broad Institute, Cambridge, MA, USA) [30] . Colored pictures were filtered to isolate the channel of interest (red for specific signal picture, blue for DAPI), and then converted to grayscale. A sample of four follicles per section from three animals per treatment was filtered individually. The intensity of the picture was then quantified and the average intensity was calculated. Intensity values were corrected so the average of the control group was equal to 1.
Intracytoplasmic sperm injection
Adult (8-week-old) female mice Nr5a2 Cyp19-/− and Nr5a2
Amhr2-/− and WT controls were hormonally superstimulated and euthanasia was performed. COCs were collected from five females per genotype by ovarian puncture with 25G 5/8" needles at 11 h post-hCG. Cumulus cells were dispersed by incubating the COCs for 1 min with 80 units/ml of hyaluronidase (from bovine testes, Sigma), and the cells were removed by gently pipetting. Oocytes were evaluated for the presence of a polar body (PB), indicating metaphase II maturation, and pooled according to the genotype. Two WT male mice were euthanized and the sperm were collected from the cauda region of each excised epididymis. Sperm were incubated in one drop of modified human tubal fluid (mHTF) containing 0.9% BSA for 90 min at 37
• C in 5% CO 2 in humidified air to induce capacitation. Intracytoplasmic sperm injection (ICSI) was conducted as previously described [31] . Briefly, 5 μl of sperm suspension were mixed with 5 μl of 12% polyvinylpyrrolidone solution under oil. Oocytes were transferred from the mHTF medium to Hepes buffered mHTF medium under oil. By means of a Nikon microscope (Eclipse) equipped with Narishige micromanipulators and a Piezo system (Prime Tech, Japan), the head of a morphologically normal and highly motile sperm was separated from the tail and injected into the oocyte (n = 25 injected oocytes per genotype). After injection, the oocytes were transferred into a 50 μl drop of embryo maintenance medium under oil and cultured at 5% CO 2 in humidified air. Fertilization rate was assessed by cleavage of the survived oocytes 24 h after ICSI, and embryonic development to morula stage was observed 96 h after ICSI. Blastocyst development was visualized at 120 h after ICSI. The rate of cleavage (two cell) was based on the number of MII-injected oocytes, and the rate of blastocyst development was based on the number of cleaved oocytes after ICSI.
Statistical analyses
All data were analyzed using JMP (Version 5.0.1a. SAS Institute Inc.) statistical software. Differences between mutant and control mice for data obtained at multiple time points or multiple genotypes were determined by two-way analysis of variance followed by JMP LSMeans Contrast post hoc test to determine the differences between individual means. All numerical data are represented as mean ± SEM. Significant difference was recognized at P < 0.05.
Results
Characterization of the cumulus cell profile in the Nr5a2 Cyp19-/− ovaries
The granulosa-specific knockout (Nr5a2 Cyp19-/− ) mouse model generated by crossing Nr5a2-floxed mice with the transgenic line tgCyp19a1 Cre/+ , expressing the Cre recombinase driven by the aromatase promoter, was evaluated for the occurrence of natural cumulus expansion in adults in vivo without ovarian superstimulation. At approximately 12 h after the assumed LH peak, ovarian histology showed the expected cumulus expansion in all of the large follicles in control females ( Figure 1A ), while no spontaneous cumulus expansion occurred in the majority of the Nr5a2 Cyp19-/− mouse ovaries ( Figure 1B) . In one Nr5a2 Cyp19-/− mouse, 60% of the large follicles in the ovaries displayed expansion of the cumulus, but the limited number of observations suggests that cumulus was less expanded in this animal (Supplementary Figure S1) . We have previously shown by qPCR and immunoblot that Nr5a2 is depleted in the granulosa cells of Nr5a2
Cyp19-/− mice [23] . To study the spatial depletion of Nr5a2 driven by aromatase, immature Nr5a2 Cyp19-/− and control females were superstimulated and the ovaries were collected at 12 h post-hCG. To address the specificity of depletion, we first confirmed in the WT ovary that the Cyp19 signal was absent in the cumulus, as previously reported for the rat [2] (Figure 2 , upper panels). Subsequent immunofluorescent analysis showed that the protein levels of Nr5a2 were reduced in mural granulosa cells of Nr5a2 Cyp19-/− ovarian follicles when compared to the control ovaries ( Figure 2 , bottom panels), whereas the expression in cumulus cells persisted in this cKO model (Figure 2 , bottom panels). We then compared the intensity of the signal between WT and Nr5a2 Cyp19-/− mural granulosa cells (74% depletion) and cumulus granulosa cells (no difference). We compared signal intensity of cumulus versus mural cells in the Nr5a2 Cyp19-/− ovary, demonstrating a 2.5-fold more intense signal in the Nr5a2 Cyp19-/− cumulus cells. Thus, the depletion of Nr5a2 is effected in mural granulosa but not in cumulus cells when the Cyp19a1 promoter drives Nr5a2-flox Cre recombination. This differs from the Nr5a2 Amhr2-/− model where expression is attenuated in the mural and cumulus granulosa cells [22] .
Gja1 expression is dysregulated in Nr5a2
Amhr2-/− ovarian granulosa and cumulus cells
To determine whether the more severe impairment in their cumulus expansion [22] is related to a problem in cell-to-cell communication, we examined the expression of Gja1 in Nr5a2
Amhr2-/− and Nr5a2 Cyp19-/− by qPCR in granulosa and cumulus cells of superstimulated mice. In both genotypes, the transcript was more abundant in cKO cells relative to WT controls at 8 h following the ovulatory signal ( Figure 3 ). We then sought to quantify Gja1 in ovarian sections by immunofluorescence. In immature superstimulated Nr5a2 Amhr2-/− and Nr5a2 Cyp19-/− ovaries prior to hCG, Gja1 protein expression did not differ, while a quantifiable increase was detected at 8 h after hCG treatment ( Figure 4A and B), consistent with qPCR results. Analysis shows an upregulation in granulosa and cumulus cells compared to the control group at 8 h after the ovulatory signal consistent with overexpression of Gja1 ( Figure 4B ). This indicates that gap junction communication between granulosa cells persists after the ovulatory signal in Nr5a2 Amhr2-/− and Nr5a2
Cyp19-/− ovaries.
In vitro potential of cumulus expansion in two Nr5a2 granulosa-specific knockout mice models
Female mice Nr5a2
Cyp19-/− and Nr5a2 Amhr2-/− , and controls (n = 10 per group) were superstimulated and the COCs were collected at 40 h post-eCG to evaluate their capacity to expand in vitro. COCs were treated with FSH during 24 h in culture. Based on the negative control ( Figure 5B ) incubated in medium without FSH, the degree 0 (minimum) of expansion was determined. The maximum expansion for the control group ( Figure 5A ) occurred at 12 h of treatment, and it was rated at degree 4 of expansion. Based on the evaluation of the recorded images taken at 12 h of treatment for all the COCs, the expansion of the Nr5a2 Amhr2-/− group ( Figure 5C ) was shown to nearly fail to occur compared to the control group. The expansion of the Nr5a2 Cyp19-/− group was also compromised in vitro relative to the WT COCs ( Figure 5D ). Co-culture of the COCs showed that cumulus expansion in the two mutant models Nr5a2 Amhr2-/− ( Figure   5E ) and Nr5a2 Cyp19-/− ( Figure 5F ) was not rescued by the presence of the WT oocytes suggesting that the missing factors for expansion competence are of mural granulosa cell provenance. Grading the cumulus expansion resulted in an average of maximum expansion in the control group, and a compromised expansion in the two Nr5a2 knockout models ( Figure 5G ).
The expression pattern of cumulus expansion-related genes driven by Nr5a2 in preantral and preovulatory follicles
Analysis of ovarian granulosa and cumulus cells of Nr5a2
Cyp19-/− and Nr5a2 Amhr2-/− mice revealed that the expression of a number of cumulus expansion-related genes is subnormal in both granulosaspecific knockout mouse models ( Figure 6A-F) . The pattern of gene expression at 2 or 4 h post-hCG showed a numerically inferior mean expression for both mutant genotypes for the EGF-related factors Areg ( Figure 6A ), Ereg ( Figure 6B ) and Btc ( Figure 6C ). The Tnfaip6 ( Figure 6D Tnfaip6 confirmed downregulation of this protein in the granulosa cell compartment of the follicle at 4 h after hCG treatment (Figure 7A and B) . We conclude that Nr5a2 expression in granulosa cells of preantral or antral follicles modulates cumulus expansion by regulating genes essential for this event to occur.
The disruption of Nr5a2 in granulosa cells of preantral or antral follicles does not affect the oocyte fertilizability
We found that 85% of the oocytes from both Nr5a2 Cyp19-/− and Nr5a2 Amhr2-/− cKO (n = 5 per group) exhibited PB formation after 12 h post-hCG injection ( Figure 8A ), in concordance with the results obtained in the control groups (data not shown). To establish whether the oocytes were fertilizable, adult females of the Nr5a2 Cyp19-/− and Nr5a2 Amhr2-/− genotypes and control groups (n = 5 per group) were hormonally synchronized. At 12 h post-hCG, oocytes presenting a PB were fertilized by ICSI. Subsequent observation of the oocytes at 24 h post-ICSI indicated that approximately 70% of the oocytes were fertilized and cleaved into two-cell embryonic stage, independent of the genotype ( Figure 8B ). Morula formation was observed at 96 h post-ICSI in all the genotypes ( Figure 8C ), and the resulting embryos were capable of proceeding to the blastocyst stage ( Figure  8D ) in vitro in a rate of approximately 70% ( Figure 8E ) for both Nr5a2 Cyp19-/− and Nr5a2 Amhr2-/− cKO and the control groups. These data indicate that the expression of Nr5a2 in ovarian somatic cells is not essential for the attainment of the ability of the oocyte to be fertilized.
Discussion
The cumulus oophorus undergoes dramatic changes in morphology in response to gonadotropins, as it becomes expanded due to deposition of a hyaluronic acid matrix between the cumulus cells, culminating in ovulation [32] . Cumulus expansion is an essential process in ovulation, and in its absence ovulation is impaired [33] . Previous work using mouse granulosa cell targeted mutagenesis showed that the nuclear receptor Nr5a2 is a key regulator of the ovulatory process. The disruption of Nr5a2 in granulosa cells from primary follicles onward (Nr5a2 Amhr2-/− ) resulted in a failure of cumulus expansion [22] . In this study, only a minor degree of expansion in vitro was shown in COCs of animals of this genotype. The sum of the information argues for the conclusion that Nr5a2 in mural granulosa and cumulus cells of the Nr5a2 Amhr2-/− ovaries is essential for cumulus expansion in vivo. Recently, a complementary study employing disruption of Nr5a2 from antral follicles onward (Nr5a2 Cyp19-/− ) surprisingly showed that cumulus expansion was occurring after hormonal superstimulation, but was associated with an intriguing anovulatory phenotype [23] . It was deemed important to determine whether cumulus complexes in adult Nr5a2 Cyp19-/− mice spontaneously undergo expansion in vivo in the absence of hormonal superstimulation. Based respectively. Differing superscripts indicated differences at P < 0.05.
on multiple previous studies, it was possible to approximate the occurrence of the natural LH peak by following the consistent mouse estrous cyclicity [26, 27] . Taking into account the timeline of the cycle, ovulation takes place between 23:30 and 04:30 of the estrus day [34] , at 12 to 14 h after the surge of LH. A vaginal copulatory plug confirmed the female estrus phase, and by collecting the ovaries at 04:00 A.M. we expected to visualize spontaneous cumulus expansion in ovarian histologic sections. Our estimative protocol was shown to be appropriate, since all the control group presented cumulus expansion at that time. In as small fraction of the Nr5a2
Cyp19-/− follicles, the cumulus complex underwent expansion in response to the endogenous ovulatory signal. This concurs with the in vitro analysis.
In the ovaries of sexually mature rats, aromatase expression is limited only to mural granulosa cells of healthy large antral follicles, preovulatory follicles and luteal cells [2] . Nr5a2 is expressed in the cumulus cells, whereas Cyp19a1 is not [35] . Our results confirm this result in the mice strains employed in this study. The absence of expression of Cyp19a1 in cumulus cells results in unrecombined target gene, remaining intact and functional in the cells where the recombinase is not expressed [36] . The persistent expression of Nr5a2 in cumulus cells of the Nr5a2 Cyp19-/− ovaries, but not in mural granulosa cells, may have been sufficient to allow a fraction of the cumuli to expand. It remains unclear why the superstimulated Nr5a2 Cyp19-/− mice in our previous study displayed what appeared to be normal cumulus expansion in the absence of ovulation [36] . The hormonal treatment regime of eCG and hCG differs markedly from the natural pattern of gonadotropins to which the ovary is normally subjected. Both of these placental gonadotropins are highly glycosylated and have extended persistence in circulation [37, 38] relative to native gonadotropins. In addition, eCG interacts with both the FSH and the LHR [38] . It may be that extended hyperactivation of the granulosa cells in the Nr5a2 Cyp19-/− model compensates for the depletion of Nr5a2 during the antral phase of follicle development via redundant pathways that can induce cumulus expansion. Taking into account that the two mouse models displayed deficient cumulus expansion in vitro, we performed analysis to determine the cumulus expansion-related genes that are disrupted by differential depletion of Nr5a2. We show that EGF-like factors Areg, Ereg and Btc are disrupted following depletion of Nr5a2 in granulosa cells of both preantral and antral follicles. These genes are also disrupted in the progesterone receptor knockout mouse, which presents a phenotype of cumulus expansion without ovulation [39] .
The expression of Tnaifp6 is also downregulated in both Nr5a2 mutants. In contrast, genes involved in the organization of the cumulus oophorus extracellular matrix, Has2 and Ptx3, do not show a dramatic disruption in transcript abundance in the two mutant mouse models, although the latter is reduced at 4 h in one model. The dysregulation of these key genes may explain the capacity for subnormal expansion presented in vitro.
Prior to the ovulatory stimulus, i.e. an endogenous LH surge or hCG administration, an extensive gap junction network links the cumulus cells to one another and to the developing oocyte [40] . Connexin 43 (Gja1) is suggested to be involved in follicle development and oocyte growth, and the abundance of Gja1 in the large antral follicles is relatively elevated in a stage of high serum concentrations of FSH or eCG [41] . The preovulatory surge of LH interrupts cell-to-cell communication in the follicle, and the consequent decline in the level of Gja1 implies a specific function of Gja1 for ovulation as well as for the early luteal phase in processes of angiogenesis and luteal cell differentiation [42] . In this study, there was greater expression of Gja1 in both Cre depletion models relative to their WT counterparts, and this continued expression could be responsible for the failure of the granulosa differentiation program that normally follows the ovulatory signal. We have previously shown using another Cre model that depletion of Nr5a2 impairs the formation of the corpus luteum [43] , consistent with this speculation. The LH-induced reinitiation of meiosis involves the breakdown of communication between the oocyte and the somatic cell compartment [44] . After exposure to circulating ovulatory gonadotropins, the majority of the gap junctions are endocytosed and components of the extracellular matrix are deposited between the cumulus cells [45] , resulting in cumulus expansion. In our study, Gja1 expression in ovarian granulosa cells of the Nr5a2
Amhr2-/− knockout group was not different from control mice prior to the ovulatory stimulus, but increased relative to control over the next 8 h. Epidermal growth factor receptor signaling has been recently shown to contribute to developmental competence of porcine oocytes incubated in COCs in vitro [46] . Given that this signaling is compromised in both our Nr5a2 Cyp19-/− and Nr5a2 Amhr2-/− models, it is surprising that the capacity of the oocyte to undergo germinal vesicle breakdown was not impaired. Cumulus cells create a microenvironment conducive to oocyte growth and development and that is necessary for ovulation and fertilization [40] . Successful fertilization is correlated with the quantity and the quality of the expanded cumulus mass. To test fertilizability, we therefore used ICSI instead of in vitro fertilization in our cKO models. In ICSI, one single sperm is artificially introduced directly inside the oocyte, bypassing any potential effects of our deficient cumulus oophorus on the sperm penetration [47] . Interestingly, although granulosa and cumulus cells present a deficient morphological and functional pattern in your Nr5a2
Amhr2-/− and Nr5a2
Cyp19-/− mice, the oocytes were fertilizable for both mutant models. A further indication that the oocytes are not involved in the infertility phenotype of these females is that co-culture of WT oocytes with the mutant COCs was unable to rescue cumulus expansion.
In conclusion, the failure of cumulus expansion detected in vivo in Nr5a2
Cyp19-/− adult mice contributes to the anovulatory and infertile phenotype described in this model. Nr5a2 expression in mural granulosa cells of preovulatory follicles is essential for cumulus expansion. The expression of Nr5a2 in cumulus cells or in preantral granulosa cells does not guarantee efficient cumulus expansion. Nr5a2 regulates cumulus expansion by regulating the expression of various genes. Moreover, disruption of Nr5a2 in ovarian somatic cells did not affect the fertilizability of the germ cells by ICSI, suggesting that local receptor signaling was sufficient for oocyte development, but not for cumulus expansion.
Supplementary data
Supplementary data are available at BIOLRE online Supplementary Figure S1 . Bright field microscopy images of hematoxylin-eosin stained sections of ovaries from an adult Nr5a2
Cyp19-/-mouse in estrus showing natural cumulus expansion.
CC, cumulus cells; GC, granulosa cells; TC, theca cells. Scale bars: 200 μm.
